Impurity doping in semiconductor quantum dots (QDs) has numerous prospects in implementing and altering their properties and technologies. Herein, we review the state-of-the-art doping techniques arising from colloidal synthesis methods. We first discuss the advantages and challenges involved in doping; we then discuss various doping techniques, including clustering of dopants as well as expulsion out of the lattice due to self-purification. Some of these techniques have been shown to open up a new generation of robust doped semiconductor quantum dots with cluster-free doping which will be suitable for various spin-based solid-state device technologies and overcome the longstanding challenges of controlled impurity doping. Further, we discuss inhibitors such as defects, clustering and interfaces,
Introduction
Intentional electronic doping into semiconductor quantum dots has attracted growing interest because impurity ions within the quantum dot (QD) lattice can impart desirable properties, such as optical, 1-3 magnetic, 4-6 electrical 7 and electronic 8, 9 properties. Also, because of their substantial ensemble Stokes shis, doped QDs avoid the self-quenching problems of un-doped QDs. These doped dots combine both magnetic and semiconductor properties into a single optoelectronic material; thus, they are excellent candidates for solution-processed photovoltaics, 10,11 photodetectors, 12-14 light emitting diodes 15, 16 and spin-photonic applications, especially in the current era of miniaturization of devices to nanoscale dimensions. Doping colloidal QDs with aliovalent elements that can act as electron donors or acceptors is a very promising approach to introduce electrical functionality. [17] [18] [19] Examples of the properties arising from successful incorporation of impurity ions in the semiconductor matrix include very large Zeeman splittings of Mahima Makkar received her BSc degree in Chemistry from Hindu College, Delhi University in 2013. She moved to Bangalore and obtained her MS degree in Chemical Science from Jawaharlal Nehru Centre for Advanced Scientic Research, Bangalore in 2016. The research for her M.S. thesis focussed on the synthesis and magnetic properties of dilute magnetic semiconductor quantum dots and was supervised by Ranjani Viswanatha. Currently, she is a PhD student at the same institute. Her research focuses on the synthesis and study of magnetic and magneto-optical properties of doped semiconductor QDs.
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excitonic excited states introduced by strong dopant-carrier exchange coupling, red-shied PL emission bands arising from either the dopant d-d levels or the interaction of the dopant d level with the host, and several other applications.
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The unpaired spins of these open shell transition metal dopants are magnetically or optically coupled to the free and photogenerated charge carriers, wherein the dopant-carrier spatial overlap determines the coupling strength. These sp-d exchange interactions are characteristic features resulting in magnetooptical and/or magneto-transport properties. 25 In fact, these properties and applications have been extensively studied in the literature and have also been reviewed in several recent reviews. 23, 26, 27 However, further progress of these applications is dependent on the development of reliable methods for effective incorporation of impurities into the semiconductor matrix wherein the dopant ions actually substitute host atoms in the QDs and are not simply adsorbed on the QD surface.
Until recently, these properties have been exploited in devices where doped semiconductors are fabricated using molecular beam epitaxy. 28 However, colloidal methods for doping semiconductor QDs to produce reliable electronic functionalization, leading to efficient solid-state devices, have attracted signicant attention in recent years due to their exibility of composition, size control and cost-effectiveness. 29, 30 Further, due to the current interest in miniaturization of devices, the use of smaller functional materials is important. However, this technology is riddled with several problems that arise due to quantum connement and must be overcome to obtain high-quality materials. This was recognized early on by the research community, and the synthesis of high-quality functional materials has been extensively reported in the literature. Colloidal synthesis is an effective method to produce highly crystalline QDs. Colloidal synthesis was rst reported by Murray, Norris and Bawendi for CdS, CdSe and CdTe quantum dots.
31 High-temperature colloidal synthesis involves pyrolysis of host precursors at high temperatures in the presence of organic ligands followed by nucleation and growth. The high-temperature annealing of QDs facilitates the formation of defect-free dots. Fig. 1 illustrates a general schematic of the colloidal synthesis of doped QDs wherein the dopant precursor can be added at different time intervals, along with the host precursors, or at the time of nucleation and growth at appropriate temperatures depending upon the diffusivity of the dopant ions.
In this review, we mainly focus on the different concepts adopted for effective synthesis of doped QDs using the colloidal approach.
Challenges in doping
Early attempts to incorporate dopants within QDs included the stoichiometric addition of dopant precursor to the host precursor. 32, 33 In the colloidal synthesis of QDs, the dopant ions were introduced into the semiconductor matrix using metalorganic precursors or metal-salt precursors; this is signicantly different from doping the bulk counterparts, where a pure solidstate reaction at high temperature is used to drive the dopants into the host matrix. However, it was soon realized that it is not possible to seamlessly include dopant ions within the host lattice, although researchers have recently demonstrated the inclusion of high percentages of dopants with appropriate controls using stoichiometric addition. 34 While doping these QDs, only a small fraction of the added dopants is incorporated into the crystal lattice, while a large proportion of the dopants remains on the surface or forms clusters. 35, 36 Energetically, it is more favorable to form clusters of dopant ions, segregate into a separate phase or simply be adsorbed on the host surface. While various characterizations were developed to distinguish between surface-adsorbed ions and those doped into the lattice, 37 the success of this method has been limited. Hence, it is also important to design clever techniques to stabilize the metastable phases of the dopant ion within the host lattice.
Based on the successes and failures of stoichiometric addition, researchers were largely driven towards understanding the various steps involved in dopant incorporation and subsequent stabilization of the dopant within the lattice. Current understanding of the mechanism of dopant incorporation within QDs using colloidal methods is still largely limited. One early model based on surface kinetics suggests that doping during the growth of the QDs is controlled by adsorption of impurity ions on the surface of the QDs. 38 Thus, this is expected to be an extrinsic problem that can be controlled by controlling the kinetics of the QDs. However, it has been observed that impurity ions are thermodynamically unstable inside the host due to the higher formation energy of defects; this indicates the intrinsic difficulty in doping QDs, as exhibited by the self-purication model. [39] [40] [41] Thermodynamics suggests that the defect formation energy of impurity ions is quite high. However, in solution phase synthesis at low temperatures, kinetics rather than thermodynamics governs the growth of the QDs where the kinetic factors control the dopant incorporation in the host lattice. Recently, Chen et al. 42 have studied the various elementary processes involved in the doping of QDs using solution route methods. They identied the presence of four individual processes, namely surface adsorption, lattice incorporation, lattice diffusion and lattice ejection, with a critical temperature characterizing each of the processes, as shown in the schematic in Fig. 2 . They further characterize effective doping by suitable programming of reaction temperatures to accommodate all the individual processes. However, due to the involvement of intuitively contrasting processes, generic extension to the synthesis of any QD was largely limited.
Very recently, it was shown by Saha et al. 29, 43 that the challenge of doping is highly intricate and involves several thermodynamic factors, such as the diffusion constant of the dopant within the host lattice and the bond dissociation energy of the dopant metal precursor. However, they also showed that the bonding energy of the dopant with the host anion did not play a major role in the systems they studied. In this case, they made constructive use of the self-purication process; hence, the initial adsorption of the dopant ion onto the lattice was not relevant. In fact, although there has been tremendous progress in recent years, uniform doping with desirable compositions remains a challenge in colloidal QDs due to clustering and phase separation; this has motivated the development of new techniques. Researchers are exploring this long-standing problem of introducing impurity ions into QDs, and strategies are beginning to emerge that apply to diverse doping compositions. Here, we enumerate various doping techniques found in the literature along with their achievements and limitations, with an emphasis on recent progress in the development of cluster-free transition metal-doped quantum dots through synthetic engineering of their compositions, sizes, and interfaces.
Doping methods
Impurity doping into QDs can be largely classied as extrinsic or intrinsic doping.
Extrinsic doping
The various options involved in extrinsic doping can be mainly divided into charge injection methods and use of appropriate surface ligands to induce functionality into QDs.
3.1.1 Charge injection method. The conventional doping method of introducing impurity atoms was unsuccessful in many early cases because the impurities tended to be expelled from the small crystalline cores and because thermal ionization of the impurities (which provides free carriers) was hindered by strong connement. One research direction towards overcoming these shortcomings is the extrinsic injection of dopant ions. Guyot-Sionnest et al. 44, 45 investigated colloidal QDs of various materials, such as CdSe, CdS and ZnO; they showed that these materials can be reduced to n-type by Na, K, biphenyl radical anions or electrochemical doping with electrons occupying the quantum conned states of the conduction band. Fig. 3 shows the infrared and visible absorption spectra of CdSe nanocrystals aer the addition of sodium biphenyl, demonstrating bleaching and broadening of the rst and second excitonic peaks. The appearance of the 1S e -1P e infrared absorption arising at 0.3 eV conrms the n-type character of the nanocrystals. These nanocrystals were stable for hours to days at room temperature, and the authors predicted further improvements. They also showed that the electron occupation of the 1S e state dramatically affects the optical properties, creating the possibility for strong electrochromic response in the visible and mid-infrared regions. Other opportunities include the study of the conductivity of lms of n-type QDs due to their enhanced inter-QD electron transfer, leading to photovoltaic or electronic applications. 44, 46 However, all these measurements were carried out in an inert atmosphere, and exposure to air accelerated the decay within minutes; thus, the charge injection method is highly specic and impractical for wide-scale use in applications.
3.1.2 Ligand-modulated QD reduction. Another extrinsic doping technique is treatment of the QD surface with a Bronsted base, such as hydrazine, that replaces bulky oleic acid groups to reduce the intermolecular spacing as well as passivate the dangling bonds on the surface by the lone pair of electrons on the base, similar to primary amines. This also assists in improving the conductivity of the QD solids, increasing the functionality of the QDs in applications such as eld effect transistors; as shown in Fig. 4 , the conductance of PbSe nanocrystal solids was observed to increase by 10 orders of magnitude aer hydrazine treatment. However, widespread 3 Absorption spectra of CdSe nanocrystals before (dotted line), immediately after (solid line), and 27 hours after (dashed line) the addition of sodium biphenyl reagent. The concurrent optical bleach of the first two exciton transitions and the appearance of infrared absorption can be clearly seen. The blue-shifts of the optical spectra after the disappearance of the infrared absorption suggest that the ntype nanocrystals decompose by the loss of the outermost layer of the semiconductor. Adapted with permission from ref. 44. applicability of this technique, though demonstrated on a wide range of materials, is rather limited due to the unstable nature of these ligands. 47 More recently, hydrazine molecules were replaced by more environmentally benign and stable molecules, demonstrating the further applicability of this method. 48 
Intrinsic doping
Despite these limited successes, extrinsic doping is not a highly feasible option to impart functionalities such as magnetic, optical and optoelectronic functions. Hence, it is important to determine methodologies for efficient intrinsic doping of dopant ions.
3.2.1 Nucleation and growth doping. Although doping has been extensively carried out and high-quality QDs have been obtained in some cases, mechanistically important methods were rst proposed by Pradhan et al. 49 for doping of Mn and Cu in ZnSe-based systems.
In order to accommodate the differential reactivities of the dopant and host precursors, they proposed methods to decouple the two by using either nucleation or growth doping in order to effectively dope the QDs, as shown in Fig. 5 . In the case of nucleation doping, a small dopant compound was rst formed. These core nuclei were then overcoated with a host shell, resulting in graded alloys or sharp interfaces depending on the conditions. However, in the case of growth doping, they demonstrated the formation of small host QDs, followed by surface adsorption of the dopant ion at decreased temperature and addition of the dopant metal precursor. Isocrystalline or hetero-crystalline shells were then grown to encapsulate the dopant ions, demonstrating widespread applicability.
1,50 A prototype example of this proposed mechanism was carried out for Cu or Mn-doped ZnSe QDs; as shown in Fig. 6 , effective doping and decoupling from nucleation and growth is indicated by the increase of the photoluminescence (PL) intensity of the dopant emission and the decrease in the PL intensity of the host (top, le). Regrowth of ZnSe on the surface of doped QDs results in a redshi of the PL (top, right). The above process would have been difficult to control without the decoupling technique, as it required 100 minutes to complete. However, nucleation doping was realized for Mn-doped ZnSe using different dopant precursors. The Mn 2+ precursor is expected to be less reactive than the Zn 2+ precursor with the same ligand because Mn 2+ is a harder Lewis acid than Zn 2+ . Zinc acetate was preferable for the formation of MnSe: ZnSe nanocrystals compared to zinc stearate when manganese stearate was used as the precursor for the nucleation step. Zinc stearate required a higher reaction temperature, causing homogeneous nucleation of ZnSe and resulting in band gap PL. However, the major drawback of this technique is hightemperature annealing during growth of the shell, resulting in the expulsion of dopants; they ultimately leach out of the surface, resulting in self-purication. This was explicitly veried in the case of Cu-doped ZnSe QDs, as shown in Fig. 7 . It is evident from the gure that the overcoating at 210 C contained the dopants within the host lattice without diffusion of dopants from the nucleus to the surface. However, upon annealing at 220 C or higher, ejection of the dopants from the lattice was observed for all sizes, as shown in Fig. 7A -C. Additionally, with increasing overcoating temperature, signicant quenching of the dopant PL was observed upon annealing between 20 C and 80 C (Fig. 7C) . Thus, overcoating ZnSe at higher temperatures results in dramatic diffusion of Cu dopants towards the surface. Hence, despite extended efforts from various groups on different systems to obtain internally doped QDs, it has not been possible to obtain internally doped QDs. More recently, Manna et al. 51 used the concept of magic-sized metal clusters held together by stable metal-metal bonds to seed the growth of QDs to obtain more uniformly doped QDs. They used clusters composed of four copper atoms (Cu 4 ) capped with D-penicillamine to seed the growth of CdS QDs in water at room temperature, which acts as a quantized source of dopant impurities. While the authors claim that the optical properties of these QDs are insensitive to external and surface changes, the major drawback of this technique is clustering of the dopant ions, leading to the absence of dopant-host interactions, at least within the rst shell of atoms. This could have also led to the insensitivity of the doped QDs to external factors. Hence, while uniform dots were obtained from this method, this method also ensures clustering of dopant atoms, albeit limited to the rst shell of atoms.
Ion diffusion methods.
In all these cases, the major obstacle preventing the application of the doping methods to a variety of materials is the constant battle against the inherent tendency of the system to expel impurity atoms to minimize the energy of the system. Hence, until recently, doping in QDs has remained a challenge. However, amongst the multitude of techniques, two differ in the aspect that they use ion diffusion as a potential strategy for doping. The cation exchange method and the diffusion doping method make productive use of the self-purication nature instead of combating it. In the cation exchange method, dopant ions are incorporated through diffusion into the preformed hosts, 52 whereas in the diffusion doping method, the dopants are formed as a clustered solid and allowed to diffuse out along with the growth of the host solids. In these cases, the reactivity of the host dopant precursor can be controlled by tuning the metal-ligand bond strength.
53
Cation Exchange. Cation exchange reactions are widely applied for doping QDs where the cation of the QDs can be exchanged with a dopant cation. 30, 54, 55 A typical scheme of cation exchange is shown in Fig. 8 . TEM images of a specic example of doped nanocrystals, Mn-doped CdSe, are shown in Fig. 9 . Varying the solution concentration of the incoming dopant cations and the nature of the ligands attached to them can tune the extent of cation exchange. However, these processes are not trivial in semiconductor QDs, as ascertained by the high energetics involved in doping. Additionally, clustering or directional doping based on reactivity is the inherent nature of this doping technique. While the directional nature has been used constructively to obtain different hetero-structure morphologies, clustering of dopant ions does not enable uniform doping of impurities.
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Diffusion Doping. Diffusion doping, rst designed by Saha et al., also exploits the self-purication technique instead of trying to combat this problem, which is usually considered to be a hindrance. 29 Here, a small magnetic core was over-coated with a thick shell of the host semiconductor using the SILAR (successive ionic layer adsorption and reaction) technique. Annealing this core-shell structure at a high temperature allows diffusion of the core at the interface and into the semiconductor shell; eventually, it diffuses out of the system. The model system studied by Saha et al. was an Fe 3 O 4 core overcoated with a CdS shell, as shown in Fig. 10 . The strained interface with a lattice mismatch of approximately 4% and high-temperature annealing drives the diffusion of the core into the shell with a decrease in the size of the core, ultimately leading to uniformly doped QDs. The controlled diffusion was achieved by controlling the rate of outward diffusion of the core to be slower than the rate of growth of the semiconductor shell. By controlling parameters such as annealing time and temperature as well as the bond dissociation energy of the core, effective doping was achieved with control over the percentage and uniformity of doping as well as the size of the QDs. Uniform doping has been achieved using different sizes of oxides and sulde cores. Local structure investigation through XAFS 59 and element specic mapping through STEM-EDX conrmed uniform distribution of Fe in the CdS matrix, precluding any cluster formation, as shown in Fig. 11 . Thus, this technique has been demonstrated to result in uniformly doped QDs, and QDs of different sizes and dopant concentrations have been obtained using inside out-diffusion. Further, the generality and universality of this technique was established for other dopant ions, such as M 2+ (Fe 2+ , Ni 2+ , Co 2+ , Mn 2+ ). 43 The effectiveness of inside-out diffusion doping depends on the ability of the core to penetrate into the CdS lattice, followed by the potential of the metal ion to diffuse within the lattice and the ease of cation exchange, as shown in the schematic in Fig. 12 .
Effective doping was conrmed through steady-state optical emission spectra and time-resolved photoluminescence spectra at the dopant peaks; as shown in Fig. 13a and b, these dots showed superior properties compared to previous reports. A broad dopant emission peak at a lower energy in the PL steady state is present only in the spectra of the doped CdS samples, suggesting that the emission arises due to dopant states and is not due to surface states. Long-lived time-resolved photoluminescence spectra of the dopant peaks further conrm that the broad emission is due to doped states. This work describes efficient doping of various dopants by controlling thermodynamic parameters; the process is described in three steps, namely diffusion at the interface followed by diffusion of dopant ions within the host matrix and, nally, facile cation exchange.
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Factors such as differing bond strengths of the cores (suldes or oxides), diffusing abilities of the dopant ions and ease of cation exchange based on the HSAB effect 60 were explored in this work. Here, suldes of Fe, Mn, Ni, and Co were used as cores because their diffusion into the host CdS lattice is more facile. This highlights their suitability to tailor QDs with required sizes and dopant percentages. This inside-out diffusion doping is thus a promising technique that endows these cluster-free dots with interesting optical and magnetic properties.
A comparison of the various doping techniques for QDs discussed above is provided in Table 1 .
An aspect that has not been greatly addressed in the QD literature is the efficiency of doping as a function of the size of the dots. This is primarily due to the inability to simultaneously control the percentage of doping and the QD size. Although the doping efficiency is not expected to vary greatly in the 3 to 20 nm size regime, this has been studied recently by Saha et al. 29, 61 using doped QDs obtained using the diffusion doping method.
It should also be noted that in this specic case, a long-range size variation of up to 60 nm with 5% Fe doping has been achieved by appropriately tuning the synthesis conditions, allowing the study of doping efficiency in large QDs; this is especially critical for the study of magneto-optical and magnetic properties of QDs.
Open challenges
Despite the great progress in the synthesis of doped QDs and the evolution of newer and more facile designs to obtain clusterfree QDs, a major challenge that remains is the study of the absence of clusters. One of the major obstacles in this eld is indeed the absence of appropriate characterization techniques to study the internal structures of QDs. The internal structures of QDs face several issues, including surface and internal defects, clusters, and the quality of the interface between the dopant cluster and the host; these are key factors in determining the properties of QDs. For example, it has been extensively demonstrated that the presence of a sharp interface is suitable for a photo-absorbing material in a type II semiconductor. 62 Similarly, the presence of a smooth interface between the core and the shell is responsible for substantially increasing the QY of materials 63 as well as introducing an exchange bias at the interface of magnetic and non-magnetic materials.
64 Similarly, surface defects are known to play important roles in the determination of material properties.
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The radial position of the dopant atom is key to the determination of several optical properties. 66 However, these and several other parameters, such as defects, clusters, the interface and the radial position of dopant ions, currently lack suitable characterization techniques to study them.
To date, only a few characterization techniques have been able to distinguish between surface doping and lattice incorporation. The location and distribution of dopants has been studied through EXAFS and STEM-EDX by Saha et al. and Chen et al. 29, 42 Also, by using high-frequency electron paramagnetic resonance (HF-EPR) spectroscopy, the site-dependent perturbation experienced by Mn 2+ ions in the CdSe lattice enables distinguishing of the local environments of the Mn 2+ ions in the core and the surface of QDs, 37 as shown in Fig. 14 . The global tting of the frequency-dependent EPR spectra for the two discrete sextet patterns for a Mn-doped CdSe sample measured at 406.4 GHz allows accurate assignment of the sites.
Variable energy photoemission has been used to study the nature of the interface 67 as well as the nature of the surface.
68,69
Optical techniques such as the use of the Cu dopant emission mechanism to study the surface of QDs have also been proposed. 1 However, most of these techniques are indirect and highly specialized. Also, these techniques are subject to the validity of various models and do not provide a straightforward, easy method to study the radial position of dopants or the presence of clusters. Further, they also require specialized study; thus, they are not very suitable as characterization methodologies.
XRD and TEM are usually insensitive to the presence of small clusters or dopant positions. Hence, the development of a straightforward method to study clustering with atomic resolution would be an important step in advancing the doping of QDs using colloidal synthesis. Secondly, the uniformity of the various QDs obtained during colloidal synthesis can be quite varied; thus, they are not very suitable for high-quality applications. To date, the synthesis of monodisperse ensembles of QDs individually doped with identical numbers of impurity atoms has remained a challenge; its achievement would enable the realization of advanced QD devices, such as optically/ electrically controlled magnetic memories and intragap state transistors and solar cells, that rely on precise tuning of the impurity states within the QDs. Additionally, it is very important to design appropriate characterization techniques in order to obtain high-quality QDs doped with the required number of ions.
Conclusion
At the heart of many technologies, the impurity dopant ions control the behavior of QDs. These doped materials cultivate excellent properties arising from exchange interactions between the dopant ions and the delocalized charge carriers. The physical effects are further enhanced in these QDs by carrier connement; these effects have been observed even at room temperature. Much effort is being made experimentally and theoretically 70 to obtain QDs with high dopant concentrations and also with single dopant regimes. Careful control of parameters such as the dopant core size, core lattice strength, and temperature can lead to effective doping. The types of dopant precursors and their lattice strengths play a key role in the aforementioned doping technique. Colloidal synthesis is known to be cost-effective and result in uniform QDs where surfactants control the growth and passivate the dangling bonds. Although the controlled incorporation of dopants in QDs has made great strides in recent years, it remains a frontier challenge in doping chemistry. Further, in order to achieve success in these techniques, whether the impurities are effectively incorporated into the lattice or simply adsorbed on the surface, careful characterization of the resulting QDs is required.
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